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I. INTRODUCTION
Wurtzite (wz) zinc oxide (ZnO) and related group-II oxide semiconductors have attracted much attention as a promising candidate for potentially useful optoelectronic devices. As ZnO has a direct bandgap of 3.37 eV at room temperature 1 and the fundamental exciton binding energy is as high as 59 meV, applications to cost-competitive ultraviolet (UV) light-emitting diodes (LEDs) [2] [3] [4] [5] have been expected. In addition, nonpolar-plane ZnO epitaxy has attracted increasing attention 6, 7 as is the case with GaN and related alloys, 8 in order to design and fabricate light-polarization-sensitive optical devices. To quantitatively predict the optical anisotropy in ZnO, precise knowledge on the band structure and ordering is indispensable.
The symmetry ordering of valence bands (VBs) in wz-ZnO has long been subjected to extensive discussions since the first investigation on the exciton fine structure by Thomas in 1960. 1 The VBs of ZnO are known to arise from 2p 6 states of oxygen atoms. The crystal field and spin-orbit interaction lift the degeneracy of the p-like states at the C point, leaving three separate VBs E 1 , E 2 , and E 3 in order of decreasing electron energy, as shown in Fig. 1(a) . The transitions related to the respective VBs are labeled A-, B-, and C-transition. The excitons involved in the respective transitions are termed A-, B-, and C-excitons and abbreviated as X A , X B , and X C . Numerous reports have emerged over the past 50 years postulating either C 9 -symmetry [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] or C 7 -symmetry 1, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] for the uppermost E 1 VB, as shown schematically on the right and left ends in Fig. 1(a) , respectively. The energy splitting of the VBs due to the crystal-field (D cr ) and spin-orbit interaction (D so ) from zincblende (zb) symmetry to wz symmetry is shown merely schematically, representing the C 7 À C 9 À C 7 ordering on the left end and C 9 À C 7 À C 7 ordering on the right. The legends ? and k mean that the transitions are allowed for the light with the polarization configuration where the electric-field component (E) is perpendicular and is parallel to the optic c-axis (E?c and E k c), respectively. The parenthesis indicates that the transition is partially allowed, as listed in Table I .
Since the irreducible representation of the conduction band is C 7 for semiconductors belonging to point symmetry C 6v , for example, wz-ZnO and GaN, possible representations for A-exciton ground states are C 1 C 7 C 7 ¼ C 1 È C 2 È C 5 in the case of C 7 -symmetry, while C 1 C 9 C 7 ¼ C 5 È C 6 in the case of C 9 -symmetry. 36 Here, C 1 on the left side of the equations is the representation for the envelope function of an exciton ground state. The excitons of C 5 -and C 1 -symmetry are dipole-allowed and called as bright excitons. Conversely, excitons of C 6 -and C 2 -symmetry are optically inactive and called as dark excitons. Therefore, the detection of C 1 -excitons is a fingerprint that the transition involves a VB of C 7 -state. The C 1 -exciton is E k c polarized and C 5 -exciton is E?c polarized. However, the oscillator strength of C 1 -exciton in B-(or A-) exciton manifold is far smaller than that of C 5 -exciton. Therefore, it has been difficult to detect C 1 -excitons apparently in most of previous studies, because linear spectroscopy techniques such as polarized reflectance, absorption, and photoluminescence (PL) measurements have been employed. For example, representative polarized reflectance spectra measured at 10 K for a quite low dislocation density, bowing-free, strain-free (10 10) m-plane bulk ZnO single crystal grown 37 by the hydrothermal method are displayed in Fig. 1(b) . Although remarkable polarization dependence is found in the intensities for the ground-state (n ¼ 1) and the first excited-state (n ¼ 2) of exciton transitions, C 1 -exciton feature cannot be apparently seen for either A-or B-exciton energy region of the spectrum taken under E k c.
Alternative approaches for the VB-ordering identification have been proposed. One is to detect C 6 -excitons despite its optical inactivity. For example, C 5 -and C 6 -excitons should exhibit different Zeeman splitting due to their different g-factors Author to whom correspondence should be addressed. Electronic mail: adachi-s@eng.hokudai.ac.jp. 9 However, this discrimination is blurred and becomes marginal in magnetophotoluminescence (M-PL) measurement, because bound excitons that may have different momentum distribution from free-excitons are usually monitored and essentially weak C 6 -exciton peak is easily buried in the background signal, which consists of many PL lines for bound excitons of C 5 -symmetry.
In order to avoid ambiguities and to experimentally settle the controversy, resonant excitation of optically active C 1 -and C 5 -excitons is a straightforward protocol, because the methodology stands on optical-transition selection rules. In more precise terms, collection of such signals from a background-free direction is preferable. The self-diffracted four-wave-mixing (FWM) technique aims at measuring the simplest coherent emission and has the following outstanding features: (i) resonant excitation is possible, (ii) FWM signals (I FWM ) are diffracted in the background-free direction, and (iii) I FWM is proportional to the eighth power of the transition matrix elements (l), i.e. I FWM / N 2 l 8 , where N is exciton population. According to these features, FWM signals are quite sensitive to exciton polarization that can be investigated by changing the polarization direction of the incident excitation pulses. Therefore, degenerate FWM spectroscopy has been proved to be a powerful tool in providing much information on exciton dynamics and decay of coherence as well as on nonlinear mechanisms of exciton-photon interaction in the bulk and nanostructured semiconductors. 38 These intrinsic natures of FWM, for example, gave rise to clarification of the strain anisotropy in wz-GaN films grown on various substrates. [39] [40] [41] [42] In this article, the results of spectroscopic and temporal FWM measurements on a strain-free bulk ZnO single crystal are shown to identify C 1 -and C 5 -excitons. In Sec. II, details of the sample and experimental procedure of FWM are described. Because residual strain may modify the VBordering, we first verify that the sample is strain-free using the manner similar to Refs. 39-42 in Sec. III A. Then, energyresolved and temporal FWM signals are obtained from a cleaved f10 10g surface (k?c) and a (0001) surface (k k c) under various polarization combination of excitation pulses in Sec. III B. The collinearly and cross-linearly polarized FWM signals eventually give us the assignment that the exciton state with C 1 -symmetry belongs to B-exciton. The results lead us to conclude consistently that VB-ordering is C 9 À C 7 À C 7 in order of decreasing electron energy in the present strain-free ZnO, which is similar to the wz families such as CdS (Ref. 36) and GaN (Refs. 43 and 44). 
Band structure and labeling of A-, B-, and C-transitions expected in wz-ZnO. The crystal-field and spin-orbit interaction lift the degeneracy of the p-like C 5 -states at the C point, leaving three separate E 1 , E 2 , and E 3 VBs in order of decreasing electron energy. The transitions related to the respective VBs are labeled A-, B-, and C-transition. The excitons involved in the respective transitions are termed A-, B-, and C-exciton and abbreviated as X A , X B , and X C . Here, splitting of the VB due to the crystal-field (D cr ) and spin-orbit interaction (D so ) from zb symmetry to wz symmetry is shown merely schematically, representing the C 7 À C 9 À C 7 ordering on the left edge and C 9 À C 7 À C 7 ordering on the right. The legends ? and k mean that the transitions are allowed for the light with the polarization configuration electric-field component (E) perpendicular and parallel to the optic c-axis (E?c and E k c), respectively. The parenthesis indicates that the transition is partially allowed, as listed in Table I . Since the irreducible representation of the conduction band is C 7 , possible representations for the A-exciton ground states are C 1 C 7 C 7 ¼ C 1 È C 2 È C 5 in the case of C 7 -symmetry, while C 1 C 9 C 7 ¼ C 5 È C 6 for C 9 -symmetry. 36 The excitons of C 5 -and C 1 -symmetry are dipole-allowed and called as bright excitons. Conversely, excitons of C 6 -and C 2 -symmetry are optically inactive and called as dark excitons. (b) Representative polarized optical reflectance spectra measured at 10 K for a quite low dislocation density, bowing-free, strain-free (10 10) m-plane bulk ZnO single crystal grown 37 by the hydrothermal method.
II. EXPERIMENTAL PROCEDURE
The ZnO sample measured in this study was a c-plane ZnO single crystal wafer grown by the seeded chemical vapor transport method. 9 The sample size was 10 mm Â 10 mm Â 500 lm, which enabled measuring various optical signals from a cleaved {10 10} m-plane. Polarized reflectance spectra similar to Fig. 1(b) , photoreflectance spectra, and PL spectra for this particular sample have been given in Ref. 15 .
The FWM measurements were carried out under the typical two-pulse self-diffraction geometry using a frequencydoubled mode-locked Al 2 O 3 :Ti laser with an 80 MHz repetition rate. The wavelength of the coherent pulses was tuned to A-and B-exciton resonances, namely approximately 360-370 nm. The laser bandwidth was 23 meV in those wavelengths (energies), which corresponds to the pulse width approximately 80 fs. The laser light was divided into two beams of equal intensities, and a sequence of two coherent pulses 1 and 2 with wave vectors k 1 and k 2 , respectively, was spatially overlapped on the sample surface. The FWM process can be simply understood as follows. The first pulse (pulse 1), k 1 , creates a coherent excitonic polarization. Then the second pulse (pulse 2) with a controlled delay time (s 12 ) interferes the polarization and produces the polarization grating. The pulse 2 is thus self-diffracted by this grating into the direction 2k 2 À k 1 , which is a completely backgroundfree direction. Accordingly, the decay of the grating can also be monitored by the second pulse, until the coherence of excitonic polarization produced by the first pulse completely relaxes. Therefore, the signal represents the phase relaxation of the excitonic polarization. The value of s 12 was controlled by a stepping motor-driven optical delay line, where s 12 takes positive value when the pulse 1 (k 1 ) precedes the pulse 2 (k 2 ). The signal at each s 12 was dispersed by a 0.35-mfocal-length grating monochromator equipped with a 2400 grooves/mm grating and was detected by a CCD detector. The spectral resolution was 0.45 meV at a wavelength of around 370 nm. Throughout the FWM measurements, the sample temperature was kept at 10 K. Most of the data were taken from cleaved {10 10} surface (k?c). The signals were also measured for (0001) surface (k k c) for comparison.
III. RESULTS AND DISCUSSION

A. Strain anisotropy analysis
It is well known that VB-mixing changes the corresponding exciton eigen-states and induces the exchange in their oscillator strengths. Anisotropic residual strain may induce a VB-mixing and may change the polarization of excitons, as intensively studied for (Al,In,Ga)N films and quantum wells fabricated on nonpolar and semipolar planes. 8 The degree of anisotropy may vary from nearly zero (pure biaxial strain) to uniaxial strain as the upper limit. If the stain mixes the topmost E 1 and E 2 VBs of ZnO, the polarization of C 5 -exciton changes from the cross-circular eigenstates (j "i and j #i, or r þ and r À ) to the cross-linear eigenstates (j "i6j #i, or x and y), where " and # indicate the exciton spin direction. Combining with the anisotropic exchange interaction, those new eigenstates split energetically and show an exciton fine structure. 45 This phenomenon has been found in GaN epilayers grown on foreign substrates suffering from in-plane uniaxial compressive stress [39] [40] [41] [42] and also in self-assembled GaN quantum dots, which suffer from anisotropic stresses. 46, 47 In order to verify if the present ZnO sample is strain-free (even locally), the strain anisotropy analysis is carried out with the aid of the high sensitivity of FWM to exciton polarizations: the FWM response is proportional to the fourth power of the transition oscillator strength jlj 2 . Indeed, this advantage plays an important role in detecting strain anisotropy even for the epilayers grown on isotropic substrates and bulk samples, in which only negligible strain anisotropy is expected. 42 The experimental configuration and the results are shown in Fig. 2 . As shown in Fig. 2(a) , the excitation pulses with the same intensities (<0.3 mW/pulse) were collinearly polarized, and focused beams were superimposed onto the sample surface through a lens (k k c). The focused spot diameter was approximately $100 lm. In this geometry, C 5 -excitons are exclusively excited. The in-plane linear-polarization angle (h) can be rotated using a half-wave-plate (HWP) mounted on a rotating stage. The excitation energy was tuned so that the excitation laser bandwidth covered the energies of A-and B-excitons, as shown by the dashed curve in Fig. 2(b) . The energies corresponding to A-and B-excitons, which have been obtained through the theoretical fitting of the polarized reflectance spectrum for (k k c; E?c) at 10 K (Ref. 15) , are indicated by the angle brackets labeled X A and X B , respectively. As shown, Aand B-excitons were simultaneously excited, and the FWM spectrum for s 12 ¼ 0:01 ps and h ¼ 0 was obtained. By rotating the excitation collinear polarization, the degree of linear polarization of excitons, which reflects the in-plane strain anisotropy, can be examined with very high sensitivity. are the FWM signal intensities for A-and B-excitons, respectively. If the sample has certain in-plane strain anisotropy, for example GaN epilayers grown on an a-plane Al 2 O 3 substrate, 39, 42 the FWM intensity ratio exhibits a sinusoidal curve varying from almost À1 to 1 due to the exchange in oscillator strengths arising from E 1 À E 2 VB-mixing. However, the value is almost constant for the present ZnO sample: the amplitude is 0.026 by a sinusoidal fitting. In addition, exciton fine structure splitting is not observed for the energies corresponding to A-and B-exciton manifold within our spectral resolution. The results indicate that the present sample is free from in-plane strain anisotropy. 48 
B. FWM signals from the cleaved {10
10} plane
Among the bright excitons, because C 1 -exciton is produced only from the transition between C 7 conduction band and C 7 VB, 49 the VB-ordering can be definitely determined from the energy at which C 1 -exciton structure appears. Therefore, the detection and energy determination of C 1 -and C 5 -excitons are the most important purpose of this study. As C 1 -exciton is E k c polarized, it can be excited with linearly E k c polarized light on a cleaved {10 10} plane. On the other hand, C 5 -exciton is E?c polarized and it can be excited effectively on both {10 10} and (0001) planes. Therefore, C 1 -and C 5 -excitons can be distinguished from polarized FWM signals taken from a plane containing the c-axis parallel to the surface, such as m-plane in this case, as shown in Fig. 3(a) . Energy-resolved FWM signals measured under the collinear polarization for s 12 ¼ 0.01 ps are shown in Fig. 3(b) . The solid (black online) and dotted (red online) curves are the signals measured under E?c and E k c polarizations, respectively. The laser spectrum is also shown by the dashed (blue online) curve. The angle brackets labeled X A and X B show the energies for A-and B-excitons, respectively. As shown, a sharp peak at the energy corresponding to Aexciton and a double-peaked broad band at the energy covering B-exciton manifold are observed for E?c polarization. The value of full-width at half-maximum (FWHM) for the A-exciton peak is approximately 1.6 meV, which is smaller than the longitudinal-transverse splitting (x LT ) for the C 5 A-exciton (x LT;A ) being 2.0 meV for this particular sample. 15 The band at around B-exciton is revealed by the spectral deconvolution procedure to contain three components. Similar to the A-exciton peak, FWHM value for each deconvoluted component is smaller than x LT for the C 5 B-exciton (x LT;B ) being 10.9 meV (Ref. 15) .
The FWM signal intensity for E?c in Fig. 3(b) is more than two orders of magnitude larger than the E k c case, and the signals are detected in the energies covering both A-and B-excitons. The result is consistent with the fact that E?c polarized C 5 -exciton is involved in both A-and B-excitons. On the other hand, weak FWM signal is detected only within the energies for B-excitons under E k c polarization. The result clearly indicates that C 1 -exciton state belongs to Bexciton, meaning that the valence-band ordering should be E 1 À C 9 ; E 2 À C 7 , and E 3 À C 7 , as shown on the right end in Fig. 1(a) .
It should be noted that the interaction between C 5 -and C 1 -excitons is one of the characteristics for the transition represented by C 1 C 7 C 7 : FWM signals have been observed under all polarization configurations for the Cexciton manifold, 50 which involves C 5 -and C 1 -excitons. Paradoxically, if the topmost E 1 VB belongs to the irreducible representation C 7 , A-exciton should have both C 1 -and C 5 -states. Then, FWM signal originating from A-excitons is supposed to appear under both collinear and cross-linear 
FIG. 2. (a)
Experimental setup for the in-plane strain anisotropy measurements by a two-pulse FWM configuration. The polarization configuration for the collinear light is (k k c; E?c). The excitation laser light was divided into two beams of equal intensities, and a sequence of two coherent pulses 1 and 2 with wave vectors k 1 and k 2 , respectively, was spatially overlapped on the sample surface. The wavelength of the coherent pulses was tuned to Aand B-exciton resonances. The excitons coherently created by the first pulse interfere and produce an excitonic polarization grating. The second pulse (pulse 2) with a controlled delay time (s 12 ) was diffracted by this grating into the direction 2k 2 À k 1 , which is a background-free direction. excitation configurations. For example, FWM signal should be observed for the cross-linear configuration (E 1 ?c; E 2 k c), which corresponds to the polarization rotation angle (/) of E 2 relative to E 1 in the inset of Fig. 4(a) is 90 . Here, E 1 is set perpendicular to the c-axis (E 1 ?c). This should be remarkable for the negative delay times (s 12 < 0), where the two-photon-coherence (TPC) according to the two-photon absorption by E 2 would dominate the FWM signal in the 2k 2 À k 1 direction. 51 To examine this, FWM signals were measured as a function of s 12 . The FWM intensities measured using the excitation laser with the central photon energy of 3.372 eV, which mainly covers the energy of A-exciton, are shown as functions of s 12 and / in Fig. 4(a) . For / ¼ 0 (E 1 ?c; E 2 ?c), a remarkable beating structure is found for s 12 < 0. The beating period is 0.79 ps (5.23 meV), which agrees with the beating period originating from the quantum interference between XX AA À X 
52
Significant difference between the beating periods for s 12 < 0 and s 12 > 0 can be seen in the fast-Fourier-transformed (FFT) signals drawn in Fig. 4(b) . With respect to the / dependence, the amplitude of the FWM signal decreases with the increase in / and completely vanishes for the cross-linear excitation, / ¼ 90 (E 1 ?c; E 2 k c). As stated above, the signal induced by TPC should appear even for / ¼ 90 if A-exciton belongs to C 7 -symmetry (Aexciton contains C 1 -state). Therefore, C 1 state is not involved in A-exciton. Finally, we emphasize again that FWM signal is extremely sensitive to the oscillator strength of the transition (/ l 8 ), and C 1 -excitons excited by E k c polarized light never respond within the energies covering the A-exciton in our strain-free ZnO sample.
IV. CONCLUSION
Spectroscopic and temporal, self-diffracted degenerate FWM measurements were carried out on the strain-free bulk ZnO single crystal, in order to clarify the VB-ordering. Under E k c polarization that can excite dipole-allowed C 1 -excitons exclusively, the collinearly polarized FWM signal appears only within the energies corresponding to the B-exciton. Within the energies mainly cover the A-exciton, FWM signals originating from two-photon coherence were absent for both s 12 < 0 and s 12 > 0 under the cross-linear excitation configuration, where C 5 -and C 1 -excitons can be simultaneously excited with a desired time delay. Both the results indicate that C 1 -exciton state belongs to B-exciton, meaning that the valence-bandordering is C 9 À C 7 À C 7 in order of decreasing electron energy in the present strain-free ZnO single crystal. 
